Background: Lipid accumulation has been highlighted in cancer development and progression, but the exact mechanism remains unclear in renal cell carcinoma (RCC). MicroRNAs (miRNAs) have been confirmed to participate in the pathological processes of cancers, including tumour occurrence and inhibition. However, the role and mechanism of miR-765 have not been elucidated in clear cell renal cell carcinoma (ccRCC). Methods: Using The Cancer Genome Atlas (TCGA) database and qRT-PCR, we investigated differences in miR-765 and proteolipid protein 2 (PLP2) expression, as well as their clinical relevance. To investigate the function of miR-765 and PLP2 in ccRCC, we performed in vitro and in vivo experiments to explore their biological functions in ccRCC. Findings: In this study, we showed that miR-765 was upregulated in the plasma of ccRCC patients after tumour resection. Consistently, ccRCC tissues had low expression of miR-765 when compared with corresponding non-cancerous tissues. Overexpression of miR-765 suppressed cell proliferation and metastasis in vitro and in vivo. Mechanistic studies demonstrated that PLP2 was a direct target gene of miR-765. PLP2 was highly expressed in ccRCC tissues, and high PLP2 levels were positively correlated with higher tumour stage and grade and poor prognosis. PLP2 expression was negatively correlated with the miR-765 level in patient samples. We further showed that PLP2 restrained the cell metastasis and proliferation induced by miR-765 and reduced the lipid-eliminating effects of miR-765 in renal cancer cells. Interpretation: Our findings suggest that miR-765 may function as a tumour suppressor and eliminate lipids in clear cell renal cell carcinoma by targeting PLP2. EBioMedicine journal homepage: www.elsevier.com/locate/ebiom that miR-765 inhibits osteosarcoma [23] and tongue squamous cell carcinoma [24] . Nevertheless, to the best of our knowledge, there is still no relevant research about the role of miR-765 in ccRCC. We found that the plasma level of miR-765 was upregulated after tumour resection in ccRCC patients and that ccRCC tissues had a low level of miR-765 compared with corresponding non-ccerous tissues. The present study systematically describes the function and role of miR-765 in ccRCC. Functionally, miR-765 inhibited RCC cell proliferation, migration and invasion in vitro and in vivo. Mechanistically, miR-765 serves as a tumour suppressor and eliminates lipids by downregulating PLP2 in ccRCC. Our findings reveal that the miR-765-PLP2 axis may be a biomarker and a therapeutic target for ccRCC.
Introduction
Metabolic abnormalities are a characteristic of tumours [1] , and dysfunction of lipid metabolism is one of the most important features of renal cell carcinoma (RCC), especially the clear cell type (ccRCC). The latest research shows that 73,820 new cases, and 14,770 deaths as a result of kidney and renal pelvis cancer are estimated to have occurred in the United States [2] . ccRCC is responsible for the most cancer-related deaths class accounts for 70À85% of RCC [3] . RCC is considered a metabolic disease [4À6], and obesity and atherosclerosis have been reported to be risk factors for RCC [7, 8] . ccRCC is known for abnormal lipid accumulation [4] of cholesterol, cholesterol esters, and neutral lipids (triglycerides) [9] . However, the molecular mechanisms and significance of eliminating this lipid accumulation remain unclear. miRNAs are non-coding RNAs that contribute to multiple cellular processes, such as cancer cell proliferation [10, 11] , apoptosis [12, 13] , antiangiogenic mechanisms [14] and metastasis [15, 16] . They may act as tumour suppressors or oncogenes by regulating gene transcription [17, 18] . It has been shown that circulating miRNAs may act as biomarkers of gait speed in obese adults [19] or have a prognostic role in cancer [20] . More recently, several articles confirmed that plasma miRNAs could be biomarkers of RCC, such as miR-144À3p and miR-210 [21, 22] . Previous studies have demonstrated 2.6. Luciferase assays Wild-type and mutant PLP2 3 0 UTR reporters were purchased from RiboBio (RiboBio, Guangzhou, China). Tumour cells transfected with miR-765 mimics or NC in 24-well plates were cotransfected with 500 ng luciferase reporter. All dual luciferase assays were measured using the Dual Luciferase Assay (Promega,
Research in context
Evidence before this study Clear cell renal cell carcinoma (ccRCC) is one of the most common types of RCC and is named because of the lipid deposition in the cytoplasm. However, the exact mechanism remains unclear. Therefore, it is urgent to explore biomarkers for diagnosis, the causes of lipid accumulation, and whether eliminating lipid accumulation is conducive to inhibiting tumour growth.
Added value of this study
Here, we found that miR-765 was upregulated in the plasma of ccRCC patients after tumour resection and that ccRCC tissues had low expression of miR-765. Overexpression of miR-765 suppressed cell proliferation and metastasis in vitro and in vivo. Furthermore, we identified proteolipid protein 2 (PLP2) as a direct target gene of miR-765. PLP2 was highly expressed in ccRCC tissues, and high PLP2 indicated an advanced tumour stage and grade and poor prognosis. PLP2 inhibited cell metastasis and proliferation and the lipid eliminating abilities of miR-765 in renal cancer cells.
Implications of all the available evidence
This study identified the novel plasma biomarker miR-765 and the miR-765-PLP2 axis that regulates lipid metabolism in ccRCC. The results suggest that the miR-765-PLP2 axis serves as a clinical biomarker and a therapeutic target in ccRCC.
Madison, USA). The experimental procedure was performed as previously described.
Western blotting
Tissues and cells were obtained by protein lysis with RIPA buffer (Wuhan Boster Biological Technology, Ltd., Wuhan, China), PMSF (Wuhan Boster Biological Technology, Ltd., Wuhan, China) and a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). Protein concentrations were measured with a bicinchoninic acid kit (Beyotime Institute of Biotechnology). Western blotting was performed according to the manufacturer's instructions with polyvinylidene fluoride (PVDF) membranes (EMD Millipore, Bedford, MA, USA); proteins were blocked in PBS with 5% non-fat milk and incubated with antibodies against PLP2 (1:1000; A06255; Boster Biological Technology, Ltd., USA) and GAPDH (1:2000; BM3876; Wuhan Boster Biological Technology, Ltd., Wuhan, China) overnight. After 14 h, membranes were incubated with secondary antibodies (1:5000; BA1020; Wuhan Boster Biological Technology, Ltd., Wuhan, China) for 2 h, and the signal was detected by the ChemiDoc XRS+ system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Immunohistochemistry (IHC)
Adjacent normal, ccRCC tissues and xenograft tumour were fixed in formalin, dehydrated, and embedded, and then the tissue sections were incubated with primary mouse PLP2 (1:250, ab122792, Abcam) or POU2F2 (1:100, A2776, Abclonal), overnight at 4°C. The sections were washed three times with PBS, and then the sections were incubated with the secondary antibody for 2 h at room temperature.
Tumour formation in nude mice
All animal experiments were performed in accordance with the animal protocols approved by the Institutional Animal Use and Care Committee of Huazhong University of Science and Technology. 16 male mice (Beijing HFK Bioscience, Beijing, China) were randomly divided into four groups. Caki cells (1 £ 10 6 ) with transfected lentiviruses containing human miR-765 and/or PLP2 were injected subcutaneously into the flanks of mice or 2 £ 10 6 Caki-1 intravenously injection through tail vein. The tumour size was measured every 3 days. After 30 days, the mice were euthanized, and the tumours were harvested. Tumour volumes were calculated as follows: volume = (D £ d 2 )/2.
Bioinformatics analysis
Gene set enrichment analysis (GSEA) was applied to evaluate the role of PLP2 in the pathogenesis of KIRC (http://www.broadin stitute.org/gsea) [27] . A false discovery rate (FDR) <25% and p<0.05 were considered as statistically significant, as previously described [26] 
Statistical analysis
The data of paired samples were analysed with a paired t-test. The samples from four groups were analysed with one-way ANOVA (#), and unpaired samples from two groups were analysed with a t-test (*). KaplanÀMeier (KM) curves were generated to assess the expression level of PLP2, and the survival rate was assessed with a log-rank test. Univariate and multivariate Cox proportional hazard regression models were used to analyse the prognostic significance of PLP2. Error bars represent the mean § SEM of data; the cut-off for a statistically significant p value and the statistical tools were described previously [10] .
Results

MiR-765 is upregulated after tumour resection in plasma and has a low level in the cancer tissues of ccRCC patients
A microarray platform was used to determine the specific plasma miRNAs associated with ccRCC. We compared 5 paired preoperative plasma samples with postoperative-day-7 plasma samples. As shown in Fig. 1(a) and (b), 5 miRNAs were significantly upregulated in postoperative plasma samples compared to preoperative plasmas, and miR-765 was upregulated most significantly. Then, we extended this analysis to 18 patients with ccRCC ( Fig. 1(c) ). Similarly, the expression of miR-765 was significantly higher in non-cancerous normal tissues than in ccRCC tissues ( Fig. 1(d) ). Furthermore, the expression of miR-765 was significantly lower in ccRCC tissues from patients from The Cancer Genome Atlas ccRCC dataset (TCGA-KIRC) than in non-cancerous normal tissues ( Fig. 1(e) ). There was no difference in the expression of miR-765 in The Cancer Genome Atlas kidney chromophobe dataset (TCGA-KICH) or kidney renal papillary cell carcinoma dataset (TCGA-KIRP) ( Fig. 1 (f) and (g)). We found no difference in miR-765 expression between 18 non-ccRCC (nccRCC) patient cancer tissues and non-cancerous normal tissues. Unfortunately, there was no difference in overall survival (OS) and diseaseÀfree survival (DFS) in ccRCC patients or TCGA-KIRC with different miR-765 expression ( Supplementary Fig. 1 (a)À(d)).
MiR-765 inhibits the malignant potential of renal cancer cells in vitro
As miR-765 was significantly downregulated in ccRCC tissues, we tested miR-765 expression in the human kidney 2 (HK-2) cell line, a proximal tubular cell line derived from normal kidney and three renal cancer cell lines (786-O, A498 and Caki-1). A498 and Caki-1 cells had lower expression levels of miR-765 than 786-O and HK-2 cells ( Fig. 2(a) ). Then, we assessed the possible role of miR-765 in cancer cell malignancy in A498 and Caki-1 cells. We overexpressed miR-765 in A498 and Caki-1 cells with lentiviruses carrying miR-765 or a control miRNA (NC) ( Fig. 2(b) ). MiR-765 overexpression restrained the proliferation and clonogenicity of renal cancer cells ( Fig. 2 (c) and (d)). Overexpression of miR-765 also significantly repressed migration and invasion abilities as assessed by transwell assays (Fig. 2 (e) and (f)).
Target genes of miR-765 in ccRCC as predicted with bioinformatics analysis
Prediction software (miRDB and TargetScan) was used to predict potential target molecules of miR-765. The top 15 scores of each prediction were used for analysis, and 6 molecules were identified ( Fig. 3 (a)). We merged this result with correlation analysis in the TCGA-KIRC database to narrow down prospective candidates. The column chart indicates the expression of the 6 target molecules ( Fig. 3(b) ). As shown in Fig. 3 (b), pancreatic and duodenal homeobox 1 (PDX1), POU class 2 homeobox 2 (POU2F2), proteolipid protein 2 (PLP2), and NOVA alternative splicing regulator 2 (NOVA2) had significantly higher expression in ccRCC tissues than in corresponding noncancerous normal tissues, and PDX1 expression was very low. KaplanÀMeier analysis determined the association between the expression of POU2F2, PLP2 and NOVA2 and OS and DFS in TCGA-KIRC. Patients with high POU2F2 or PLP2 expression exhibited shorter OS and DFS times than those with low POU2F2 or PLP2 expression ( Fig. 3 (c) and (d)). Univariate and multivariate survival analysis of OS and DFS indicated that high PLP2 expression but not high POU2F2 expression was a potential independent prognostic factor in ccRCC patients ( Fig. 3 
PLP2 is significantly upregulated and predicts poor prognosis in TCGA-KIRC
We investigated PLP2 expression and its ability to predict disease progression in TCGA-KIRC. The expression of PLP2 was significantly higher in ccRCC tissues than in non-cancerous normal tissues ( Fig. 4 (a) and (b)). The outcome was further confirmed in five additional data sets from the Oncomine database (https://www.oncomine.org) ( Fig. 4(c) ). High PLP2 expression was found in advanced renal cancer compared with early renal cancer ( Fig. 4(d) ). High PLP2 expression was also confirmed in patients with lymphatic metastasis or distant metastasis ( Fig. 4 (e) and (f)). A high level of PLP2 had a positive correlation with advanced grade and pathological TNM stage (T stage, lymphatic metastasis, and distant metastasis grouping) in ccRCC patients ( Fig. 4 (g) and (h)). Patients with high PLP2 expression exhibited a higher risk of death and recurrence ( Fig. 4(i) ).
PLP2 is involved in the biological pathogenesis of ccRCC
As PLP2 was upregulated significantly and predicted poor prognosis in TCGA-KIRC, we tested PLP2 expression with quantitative realtime polymerase chain reaction (qRT-PCR) and western blotting in ccRCC patient samples and renal cancer cells enrichment analysis (GSEA) revealed that high PLP2 expression was associated with epithelial mesenchymal transition (EMT) and the G2M checkpoint ( Fig. 5(e) ). Then, we evaluated the role of PLP2 in RCC cell lines. Using small RNA interference technology, we constructed two siRNAs (si-PLP2-1 and si-PLP2-2) and si-con, as shown in Fig. 5(f) . Transfection with the siRNAs significantly repressed the migration of cancer cells (A498) ( Fig. 5(g) ). RCC is considered a metabolic disease, and GSEA demonstrated that high PLP2 expression was associated with fatty acid triacylglycerol metabolism, lipid catabolic processes and neutral lipid metabolic processes ( Fig. 5(h) ). Silencing of PLP2 significantly promoted neutral lipid catabolic processes (involving triacylglycerol) ( Fig. 5(i) ) and eliminated abnormal lipid accumulation ( Fig. 5(j) ) in A498 cancer cells.
PLP2 is a direct target of miR-765
To further confirm that PLP2 was a direct target of miR-765, we first determined that PLP2 was negatively correlated with miR-765 in TCGA-KIRC and clinical ccRCC samples ( Fig. 6(a) and (b) ). qRT-PCR and western blotting were used to verify the protein and mRNA level changes seen with the miR-765 mimics and inhibitor. The results revealed that miR-765 affected both the mRNA and protein levels of PLP2 in renal cancer cells ( Fig. 6 (c)À(f)). A luciferase reporter assay using wild-type (WT) or mutated (MUT) PLP2 in A498 and Caki-1 cells confirmed that miR-765 binds to the 3 0 -untranslated region (UTR) of PLP2 ( Fig. 6(g) and (h)). These results suggest that PLP2 is a direct target of miR-765.
PLP2 reverses the function of miR-765 in renal cancer
To determine whether PLP2 reversed the suppressive effect of miR-765, we co-transfected miR-765 mimics and PLP2 into renal cancer cells ( Fig. 7(a) and (b) ). Overexpression of PLP2 reversed the miR-765-induced inhibition of proliferation in A498 and Caki-1 cells ( Fig. 7(c) and (d) ) and the migration and invasion of A498 cells ( Fig. 7 (e) and (f)). In addition, the lipid-eliminating role of miR-765 was also reversed by PLP2 in Caki-1 cells ( Fig. 7(g) and (h)). Taken together, these data demonstrated that PLP2 reversed the tumour suppression of miR-765 in RCC.
MiR-765 inhibits malignancy and eliminates lipids in renal cancer cells by PLP2 in vivo
Subcutaneous and intravenously injection of Caki-1 cells stably expressing miR-765 or/and PLP2 into male nude mice was used to demonstrate that miR-765 can inhibit the ccRCC tumour growth induced by PLP2 in vivo. The sizes of subcutaneous tumours were reduced by miR-765, and PLP2 reversed the effect of miR-765 on tumour growth ( Fig. 8(a) ) and liver metastasis ( Fig. 8(d) ). The average weight and volume of miR-765-overexpressing tumours were decreased significantly compared to those in the NC group, and overexpression of PLP2 reversed the effect of miR-765 on tumour weight and tumour volume ( Fig. 8(b) and (c) ). MiR-765 reduced the expression of PLP2 and eliminated lipids, and overexpression of PLP2 increased lipid accumulation and reversed the effect of miR-765, as indicated by ORO staining (Fig. 8(e) ). In addition, PLP2 can reverse the angiogenesis-inhibiting effect with vascular endothelial growth factor A (VEGFA) and tumour metastasis ability by Ki67 of miR-765 ( Fig. 8(f) ). In summary, these data indicated that miR-765 inhibited cell malignancy and eliminated lipids by targeting PLP2 in renal cancer cells.
Discussion
Currently, many studies have confirmed that circulating miRNAs are dysregulated in patient plasma and can serve as tumour biomarkers [21, 22] . Here, for the first time, we demonstrated that miR-765 was upregulated in the plasma of ccRCC patients after tumour resection and that ccRCC tissues had a lower expression of miR-765 than non-cancerous control tissues. MiR-765 was shown to be a tumour suppressor in osteosarcoma [23] and tongue squamous cell carcinoma [24] . Other studies indicated that miR-765 was upregulated in hepatocellular carcinoma and melanoma [28, 29] . However, the level and function of miR-765 in ccRCC remain unknown. In this study, miR-765 was significantly downregulated in the plasma and cancer tissues of ccRCC patients and in renal cancer cells. Overexpression of miR-765 inhibited the proliferation and motility of RCC cells in vitro and in vivo. Thus, we identified miR-765 as a tumour suppressor in renal cancer. miRDB (http://mirdb.org/miRDB) and TargetScan (http://www.targetscan.org) were used to determine the candidate genes of miR-765, and proteolipid protein 2 (PLP2) was verified to be a potential functional downstream target. Clinical data analysis found that miR-765 had a negative association with PLP2 in human ccRCC samples. PLP2 was shown to function as an oncogene in hepatocellular carcinoma [30] , breast cancer [31] and glioma [32] . However, the function of PLP2 and miRNAs in regulating PLP2 expression in ccRCC remains unknown.
We analysed PLP2 expression and its prognostic role in TCGA-KIRC. PLP2 was significantly upregulated and predicted poor prognosis in ccRCC patients. GSEA demonstrated that high PLP2 expression was significantly associated with EMT, the G2M checkpoint, fatty acid triacylglycerol metabolism, lipid catabolic processes and neutral lipid metabolic processes in ccRCC. Silencing of PLP2 impaired cell proliferation, migration and invasion, promoted neutral lipid catabolic processes and eliminated abnormal lipid accumulation in RCC cells. Overexpression of PLP2 reversed the effects of miR-765 on cell growth, malignant potential and lipid accumulation in RCC cells. Our findings reveal that miR-765 could be a tumour suppressor and eliminate lipids by downregulating PLP2 in ccRCC.
In summary, miR-765 can inhibit cell proliferation and malignant potential and promote lipid catabolic processes in RCC by directly downregulating PLP2. This is the first study to identify PLP2 as a potential target gene of miR-765 in RCC. Low plasma levels of miR-765 may be a novel biomarker, and PLP2 could be a novel predictor and therapeutic target in human ccRCC. However, our research may be limited, and further work is needed.
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